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Post-translational modifications of proteins are involved in determining the activity of proteins
and are essential for proper protein function. Current mass spectrometric strategies require
one to specify a particular type of modification, in some cases also a particular charge state of
a protein or peptide that is to be studied before the actual analysis. Due to these requirements,
most of the modifications on proteins are not considered in such an experiment and, thus, a
series of similar analyses need to be performed to ensure a more extensive characterization. A
novel scan strategy has been developed, multiple neutral loss monitoring (MNM), allowing for
the comprehensive screening of post-translational modifications (PTM) on proteins that
fragment as neutral losses in a mass spectrometer. MNM method parameters were determined
by performing product ion scans on a number of modified peptides over a range of collision
energies, providing neutral loss energy profiles and optimal collision energies (OCE) for each
modification, supplying valuable information pertaining to the fragmentation of these
modifications and the necessary parameters that would be required to obtain the best analysis.
As the optimal collision energy was highly dependent on the type of modification and the
charge state of the peptide, the MNM scan was operated with a collision energy gradient.
Autocorrelation analyses identified the type of modification, and convolution mapping
analyses identified the associated peptide. The MNM scan with the new collision energy
parameters was successfully applied to a mixture of four modified peptides in a BSA digest.
The implementation of this technique will allow for comprehensive screening of all modifi-
cations that fragment as neutral losses. (J Am Soc Mass Spectrom 2006, 17, 307–317) © 2006
American Society for Mass SpectrometryMany researchers in proteomics are concernedwith the analysis of low-abundance proteinsas they tend to be regulatory proteins that are
involved in environmental changes and cell signaling.
Post-translational modifications are responsible for de-
termining the activity of these proteins, and they are a
very common mechanism employed by cells for regu-
lating biological processes such as gene transcription
and translation, apoptosis, anti-apoptosis, protein deg-
radation, etc. [1]. There are over 300 different types of
post-translational modifications [2], with each type of
modification having one or more unique functions
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doi:10.1016/j.jasms.2005.11.002within the cell [3]. Identification of post-translational
modifications is typically performed on triple quadru-
pole instruments using precursor ion scans on the
charged marker ion or neutral loss scans on the charac-
teristic uncharged fragments. A neutral loss scan is
performed on a triple quadrupole instrument by scan-
ning the ionized peptides or proteins through the first
quadrupole (Q1). The ions are then fragmented in the
second quadrupole (Q2) through low-energy collisions
with a collision gas in the collision cell. The third
quadrupole is then scanned with a fixed offset to Q1
specific to the modification and the charge state of the
precursor peptide, transmitting the precursor ion minus
the modification, i.e., the product ion of the neutral loss,
to the detector [4]. This neutral loss analysis identifies
the presence of a modification as well as the associated
precursor ion; however, as this scan function requires
that a quadrupole be scanned, the duty cycle is in the
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308 HOFFMAN ET AL. J Am Soc Mass Spectrom 2006, 17, 307–317range of 0.1%, i.e., if a mass range of 1000 Th is scanned
in 1 Th increments, only 1/1000 of the time is spent
transmitting the ion to the collision cell. The duty cycle
drops even lower if a quadrupole time-of-flight mass
spectrometer is used for the identification of neutral
losses [5]. This time-consuming process requires at least
one analysis per post-translational modification, as one
must specifically search for a particular modification
from a peptide of some particular charge state. This
limits the total number of modifications screened in
LC-MS/MS experiments, especially considering their
inverse relationship with sensitivity in a fixed time
frame. As well, due to the poor duty cycle, the acquisi-
tion rate must be rather long and, thus, the neutral loss
scan (as well as the precursor ion scan) is not routinely
used for the analysis of subpicomole quantities of
peptides by LC-MS [5]. For these reasons, a novel scan
technique has been developed to overcome the limita-
tions of the conventional methods used to monitor for
post-translational modifications.
Methods
Reagents
The following peptides (bold amino acid residues indi-
cate the site of modification) were obtained from the
following sources: sulphated tyrosine (DYMGWMDF)
(Novabiochem, Darmstadt, Germany), phosphoty-
rosine (NRVYIHPF), phosphoserine (SAPPNL-
WAAQR), glycosylated serine (HLLVSNVGGDGEE-
IER) (gifts from BRC, Vancouver, British Columbia,
Canada), oxidized methionine (HDMNKVLDL) (Sig-
ma-Aldrich, St. Louis, MO). Bovine Serum Albumin
(BSA) was purchased from Sigma-Aldrich. Sequencing
grade trypsin was obtained from Roche Diagnostics
(Laval, Quebec, Canada). Formic Acid, acetonitrile, eth-
anol, and trifluoroacetic acid were purchased from
Fisher Scientific (Whitby, Ontario, Canada).
Mass Spectrometry
Method development was performed with peptides
containing post-translational modifications at 5 M in
methanol/water/formic acid (50:45:5). Neutral loss col-
lision energy profiling for the method development of
the multiple neutral loss monitoring (MNM) scan was
performed on a 2000 Q-TRAP instrument (Applied Bio-
systems/MDS Sciex, Framingham, MA) in nanospray
mode using the enhanced product ion (EPI) scan, which
essentially traps all product ions utilizing Q3 as a linear
ion trap [6]. Neutral loss collision energy profiles of all
neutral losses were collected by varying the collision
energy from 5 to 150 eV in increments of 2 V for the
collision energy acceleration potential. For each neutral
loss, three neutral loss collision energy profiles were
collected and then averaged.
A new scan was developed to be able to perform
multiple neutral loss monitoring, which allowed Q1 tobe used as a high mass filter (set with a low mass cut off
of m/z 350). This cut off was selected to eliminate the
low mass background of the solvent [5, 8]. Acceleration
voltages of 10, 15, 20, 25, and 30 V were applied from Q0
to Q2 to fragment the transmitted peptides in Q2. The
peptides were trapped in Q3, and then sequentially
scanned out. Analysis of complex samples was per-
formed at submicromolar concentrations of the modi-
fied peptide alone or spiked into a Bovine Serum
Albumin (BSA) digest producing a standard mixture of
approximately 250 femtomoles of modified peptides in
a 250 femtomole BSA digest in 1% formic acid. The BSA
digest was prepared by reducing, alkylating, and di-
gesting the BSA overnight using sequencing grade
trypsin [7]. Both analyses were performed on the 2000
Q-TRAP with an Ultimate nano-HPLC (LC Packings,
Sunnyvale, CA, USA) using the MNM scan. HPLC
separations used water:acetonitrile:formic acid with
gradient elution. All scans were collected with a scan
speed of 1000 u/s.
Computational Analyses
Resulting LC-MS/MS spectra were analyzed using cor-
relation analyses. A threshold was applied to each mass
spectrum that was three times the noise intensity,
ensuring that only peaks that were at least three times
the signal to noise ratio were analyzed. This routinely
produced mass spectra that contained 4 to 12 peaks. An
autocorrelation analysis was then performed on the
entire MNM spectrum to identify apparent mass shifts
that corresponded to known neutral losses. Eq 1 was
used for the autocorrelation analysis:
r

ia
b
[(X1iX1M)(X2(id)X2M)]
[
ia
b
[(X1iX1M)
2]1⁄2[
ia
b
(X2(id)X2M)
2]1⁄2
(1)
r  correlation coefficient
X1i  intensity of Spectrum 1 at m/z i
X1M  mean intensity of Spectrum 1
X2(i-d)  intensity of copy of Spectrum 1 at m/z i-d
X2M  mean intensity of copy of Spectrum 1
d  apparent mass shift
a  data acquisition start position (Th)
b  data acquisition stop position (Th)
In the autocorrelation analysis, the position in the
mass spectrum (i) is fixed and the apparent mass shift
(d) is varied so as to allow the copy of the mass
spectrum (2) to be shifted incrementally down the entire
mass spectrum (1), providing correlations seen in the
apparent mass shift which would correspond to differ-
ent neutral losses. The correlation coefficient (r) was
plotted against the apparent mass shift (d) to identify
the neutral loss.
A convolution mapping analysis using this mass
shift was applied to the mass spectrum, which identi-
309J Am Soc Mass Spectrom 2006, 17, 307–317 MNM FOR MODIFICATION SCREENINGfied the precursor ion. Eq 2 was used for the convolu-
tion mapping analysis:
c [(X1iX1M)(X2(id)X2M)] (2)
c  convolution mapping coefficient
In the convolution mapping analyses, the apparent
mass shift (d) is fixed, while the position in the mass
spectrum (i) is varied in fixed increments (e.g., 0.077
Th). This can be pictured as having a window with
width d (e.g., d of 49 for the neutral loss of H3PO4 which
is lost from a doubly-charged phosphoserine-modified
peptide) shifted along the mass spectrum in increments
of 0.077 Th. The intensity of the two peaks that lie on the
window edges are then multiplied together to produce
a convolution mapping coefficient (c) for every value of
(i). The convolution mapping coefficient was plotted
against the position (i) in the mass spectrum. The
precursor ion was identified as the maximum in the
convolution mapping analysis.
Results and Discussion
Method Design
Modified peptides tend to fragment to either produce a
characteristic marker ion or neutral fragment from the
precursor ion. As both these marker ions and neutral
fragments generally have unique mass increments, they
are used to indicate the presence of some modification.
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Figure 1. The structure of the precursor ions, neutral losses and
product ions, as well as the corresponding neutral loss mass for (a)
sulfotyrosine, (b) phosphoserine, (c) N-acetylhexosamine-modi-
fied serine, (d) oxidized methionine, and (e) phosphotyrosine.The structure of the precursor ion ([M nH]n), neutralloss fragment and its mass increment, as well as the
associated product ion ([M  nH - modification]n) for
a number of different modifications that were used in
this study are illustrated in Figure 1. Specifically, these
modified residues are sulfotyrosine (Figure 1a), phos-
phoserine (Figure 1b), N-acetylhexosamine modified-
serine (Figure 1c), oxidized methionine (Figure 1d), and
phosphotyrosine (Figure 1e).
Utilizing the unique trapping capabilities of a hybrid
triple quadrupole/linear ion trap, we previously dem-
onstrated the ability to rapidly identify multiple marker
ions with the development of multiple precursor ion
monitoring (MPM) [8]. MPM is performed by transmit-
ting all peptides through Q1 to the collision cell, then
fragmenting them in parallel. The resulting low mass
fragment ions are trapped in Q3, then scanned out and
detected, identifying the presence of modifications. This
scan function increases the duty cycle to 100%; how-
ever, due to constraints of the linear quadrupole ion
trap, the extraction efficiency is 20% [9]. Current re-
search with linear ion traps has been investigating the
possibilities of increasing this extraction efficiency [10],
but the 20% extraction efficiency still equates to a
theoretical 200-fold sensitivity increase compared to the
neutral loss scan. MNM is an analogous method to
MPM; however, only the high mass fragments are
scanned out of Q3, thus producing a mass spectrum
that contains both the modified peptide and the peptide
where the modification has been lost as a neutral
fragment (Figure 2a). In contrast, as the neutral loss
scan function scans both the first and third quadrupole
(Figure 2b), the precursor ion minus the modification is
the only ion to be registered at the detector, identifying
both the precursor ion and the modification. Unfortu-
nately, the neutral loss scan is limited to one charge
state of one type of modification, while the MNM scan
can detect multiple neutral losses regardless of the
charge state of the precursor ion.
With the mass spectrum obtained from the MNM
scan, further downstream computer processing is re-
quired to identify the neutral loss and the associated
precursor ion; thus, an autocorrelation analysis is con-
ducted to identify the neutral loss from the precursor
ions (Figure 3a and b). A copy of the mass spectrum
(b)
(a)
Scan (fixed offset)
Trap and Scan
Scan CID
RF only CID
Figure 2. Mass analyzer configuration and corresponding char-
acteristic mass spectra for (a) the multiple neutral loss monitoring
(MNM) scan and (b) the neutral loss scan.(Figure 3a) is created and is overlaid on top of the
310 HOFFMAN ET AL. J Am Soc Mass Spectrom 2006, 17, 307–317original mass spectrum. The top mass spectrum is then
shifted incrementally to lower m/z values. Theoretically,
at a very small mass shift, none of the peaks of the top
spectra will be directly overlaid on any of the peaks on
the bottom spectra. This is not the case in a real analysis,
as the background will always be overlaid on real
peaks, and thus to simplify the autocorrelation analysis,
a threshold is applied to the mass spectrum to remove
the background and low intensity peaks. At some mass
shift, one of the peaks from the top spectrum (i.e., M 
3H) will be overlaid on one of the peaks from the
bottom mass spectrum (i.e., M 3H - A) corresponding
to a mass shift of some modification (i.e., modification
A) divided by the charge state of the peptide (i.e., 3).
Similarly, a mass shift of B/2 is seen when M  2H is
overlaid on M  2H - B and a mass shift of C is seen
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Figure 3. Theoretical steps of the data processing of MNM,
consisting of (a) an MNM mass spectrum, (b) the resulting
autocorrelation analysis identifying the neutral loss(es), and (c) the
corresponding convolution mapping analysis identifying the as-
sociated precursor ion(s).when M  H is overlaid on M  H - C. These massshifts of A/3, B/2 and C are then plotted in the
autocorrelation analysis (Figure 3b), identifying all of
the neutral losses corresponding to all of the different
types of modifications that are present in the sample
from all of the different charge states of the peptide.
With the mass shift (and thus the modification) identi-
fied, it is possible to identify the precursor ion. A
convolution mapping analysis is applied to the mass
spectrum (Figure 3a) using the identified mass shift
(Figure 3b). A window with a width equal to the
modification- and charge state-specific mass shift (i.e.,
A/3, B/2, C) detected in the autocorrelation is moved
incrementally up the mass spectrum. When both peaks
fall on the edges of the window, a large convolution
mapping coefficient is produced, identifying the pre-
cursor ion (Figure 3c). Thus, this analysis is capable of
identifying both the modification and precursor ion of
every modification that fragments as a characteristic
neutral loss from all of the charge states of that peptide.
This analysis does not use time-correlation of the elu-
tion profiles to identify the precursor and product ions
as this is done by the convolution mapping analysis;
however, with a high-resolution chromatographic sep-
aration, comparison of the precursor and product ion
elution profiles could be used to confirm the identifica-
tion. Furthermore, a high-resolution liquid chromato-
graphic separation would allow for a quantitative pro-
teomic analysis as previously shown by accurate mass
retention time pairs [11] or protein correlation profiling
[12], although nonlinearity of the signal response and
ion suppression effects may be a concern.
Method Development
MNM scans of a serine-glycosylated peptide spiked
into a BSA digest were acquired at a collision energy of
30 eV (Figure 4a), followed by the autocorrelation
analysis of the spectrum (Figure 4c) to identify the
neutral loss and then the convolution mapping analysis
(Figure 4e) to identify the associated precursor ion. The
autocorrelation analysis of the glycosylated serine mod-
ification is fairly uncomplicated by random noise as
only 4 peaks are observed in the autocorrelation plot.
The peak at a mass shift of 101.5 Th corresponds to the
loss of the glycosyl moiety (203 Da) from a doubly-
charged peptide, but a number of additional, seemingly
unrelated correlations were also identified. The convo-
lution mapping analysis reveals the m/z of the precursor
ion (964 Th) as the only signal, and no false positives
were identified. A similar set of experiments for a
phosphorylated tyrosine peptide spiked into a BSA
digest were conducted with MNM scans at a collision
energy of 30 eV (Figure 4b), an autocorrelation analysis
(Figure 4d), and a convolution mapping analysis (Fig-
ure 4f). The autocorrelation analysis of the phospho-
serine-modified peptide contains a fair degree of noise
and spurious peaks. The peak at an apparent mass shift
of 49 Th corresponds to the loss of phosphoric acid (98
Da) from a doubly-charged precursor ion. The convo-
311J Am Soc Mass Spectrom 2006, 17, 307–317 MNM FOR MODIFICATION SCREENINGlution mapping successfully identifies the precursor ion
at 646 Th, and no other precursor ions were identified
as there was only one peak. The noise and the peaks
that do not correspond to a neutral loss seen in the
autocorrelation are dependent on the threshold used on
the mass spectrum before the autocorrelation. The
greater the number of peaks within the threshold-
applied mass spectrum, the greater the noise and the
number of peaks observed in the autocorrelation anal-
ysis. The peaks that do not correspond to a character-
istic neutral loss for post-translational modifications are
the result of two or more signals that are separated by
this specific mass to charge ratio. There are three
possibilities of how these peaks are generated. The first
possibility is that the m/z difference corresponds to the
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Figure 4. MNM scans using an acceleration potential of 15 V (a)
and (b), corresponding autocorrelation (c) and (d), and convolu-
tion mapping analyses (e) and (f), of 250 femtomoles of N-
acetylhexosamine-modified serine peptide spiked into 250 femto-
moles of BSA digest (a), (c), and (e) and 250 femtomoles of
phosphoserine-modified peptide spiked into 250 femtomoles of
BSA digest (b), (d), and (f).removal of individual amino acid residues as is com-monly observed for fragment ion series of the same
charge state such as the y- and b- type ions at higher
collision energies. The second possibility is for these
spurious peaks to be due to the m/z difference corre-
sponding to the removal of several amino acid residues
due to the presence of labile bonds, e.g., N-terminal of
proline. The direction of the m/z shift is then dependent
on the distribution of the charges on the fragments and
results in a “neutral loss” of a peptide fragment, or two
fragment ions [13–15]. The neutral loss of individual
amino acid residues has previously been observed [13,
14]. These studies have shown that low collision ener-
gies can lead to the formation of neutral fragments
carrying the first or first two residues from the peptide,
and that certain amino acids are much more likely to
cleave as a neutral loss, depending on the charge state
of the peptide. In both of these cases, as the m/z
differences observed between these fragment ions cor-
respond to the masses of amino acid residues and
characteristic neutral losses of post-translational modi-
fications have unique mass shifts that do not usually
correspond to these amino acid residue masses, this
does not tend to be a problem for the analysis. As
subsequent analyses would only be performed on char-
acteristic neutral losses, these peaks are of little impor-
tance; however, as the number of spurious peaks de-
creases, the probability of a random peak occurring at a
mass shift corresponding to a neutral loss of interest
also decreases. In this context, a combination of low
resolution of the quadrupole and isotopic peaks could
also lead to the false identification of a modification.
This is observed for the neutral loss of a farnesyl moiety
from a doubly-charged precursor ion (shift of 102.0 Th)
that is incorrectly identified as a neutral loss of an
N-acetylhexosamine moiety from a doubly-charged
precursor ion (shift of 101.5 Th) (data not shown). Upon
examination of the autocorrelation data, the maximum
correlation was identified at 102.0 Th with 101.5 Th
being a lower intensity satellite signal; thus, this false
positive could be identified, explained, and excluded.
False identifications caused by the neutral loss of amino
acid residues (e.g., the neutral loss of 97, 98, and 99 Da
for proline, phosphoric acid, and valine, respectively)
would be dealt with in a similar manner. Ultimately, the
ability of the autocorrelation data to distinguish these
interferences will increase with the mass resolution of
the instrument. The third possibility for these peaks is
due to the m/z charge difference between two com-
pletely independent signals, either attributable to frag-
mentation or the coelution of several peptides. These
correlations are completely random and cannot be
predicted. In the case of the coelution of several pep-
tides, the method benefits from a high quality liquid
chromatographic separation.
Since only four of the peaks within the glycosylated
serine MNM mass spectrum (Figure 4a) were above the
threshold, the autocorrelation analysis is very simple.
Conversely, the autocorrelation analysis of the serine-
phosphorylated peptide is complicated by a large num-
312 HOFFMAN ET AL. J Am Soc Mass Spectrom 2006, 17, 307–317ber of peaks with low intensity. This is due to the higher
number of signals above the noise. Upon examination
of the mass spectrum (Figure 4b), it is evident that if the
intensity of the [M  2H - H3PO4]
2 product ion
increases relative to the rest of the peaks in the spec-
trum, this condition will lead to an increase in the
correlation. Thus, to obtain the highest possible number
for the correlation coefficient, a ratio of 1:1 of the
precursor ion to the precursor ion minus the modifica-
tion is useful. This 1:1 ratio can be obtained by varying
the collision energy applied to the peptide in the
collision cell and will be referred to as the optimal
collision energy (OCE). Therefore, tight control of the
collision energy provides a means of excluding false
positives generated by the three possibilities mentioned
earlier, as well as its use will lead to the highest possible
correlation value.
Enhanced product ion spectra of the phosphoserine-
modified peptide were collected over a wide range of
collision energies. At low collision energies (Figure 5a),
the abundance of the intact peptide is much greater
than the peptide minus the modification. At these low
Figure 5. Enhanced product ion (EPI) mass spectra of a phos-
phorylated serine-modified peptide (SAPPNLWAAQR) at a col-
lision energy of (a) 30 eV, (b) 46 eV, and (c) 60 eV, and the
corresponding autocorrelation analyses.energies, the precursor ion has a low kinetic energy andupon collision with the collision gas in Q2, the peptide
will not be very likely to fragment as its energy is below
the threshold for fragmentation of the bond that con-
nects the modification to the peptide side chain. The
corresponding autocorrelation only contains the peak
corresponding to the neutral loss of a mass shift of 49
Th; however, the correlation coefficient of 0.14 is not
maximal. At some moderate collision energy (Figure
5b), the two ions have the same abundance as the
precursor ion fragments to produce product ions. The
autocorrelation analysis describes the presence of two
peaks of equal intensity; one from a correlation from the
y9
2 fragment ion and the precursor ion minus the
modification at 69.7 Th and one corresponding to the
neutral loss. The correlation coefficient for the neutral
loss has increased to 0.33 and the analysis contains very
little noise. At higher collision energies (Figure 5c), the
peptide minus the modification becomes the dominant
species out of the two ions. At these higher collision
energies, significant backbone fragmentation of the
peptide occurs which would complicate the autocorre-
lation analysis. This complication is seen in the autocor-
relation analysis as a number of peaks are now present.
As well, the correlation coefficient corresponding to the
phosphoric acid neutral loss has significantly decreased
to 0.04. It is evident that the largest correlation coeffi-
cient is obtained when the ratio of precursor ion to
precursor ion minus the modification approaches one.
In this 1:1 case, if these were the only two signals in the
mass spectrum, the correlation coefficient would have a
maximum value of 0.5. However, with increased colli-
sion energies, significant backbone fragmentation also
occurs, exemplified by the formation of the y9
2, which
causes additional signals to appear in the spectra and
reduces the correlation coefficient for the peak at an
apparent mass shift of 49 Th, which was due to the loss
of phosphoric acid. Regardless, this 1:1 ratio is still
desirable. Based on these results, it is also evident that
a higher collision energy is required for the MNM scan
of the phosphoserine-modified peptide compared to the
30 eV previously used (Figure 4a) while a collision
energy below 30 eV is required for the MNM scan of the
serine-glycosylated peptide (Figure 4b).
Consequently, the dependence of collision energy
on the production of modification specific neutral
losses was investigated for a number of different
modifications as well as for different charge states,
when possible. The results are summarized in Figure
6 using two different types of plots, with the struc-
tures of the corresponding precursor ions and frag-
ments seen in Figure 1. Neutral loss intensity profiles
are plots of the intensity of the precursor ion and the
product ion at varying collision energies, while the
neutral loss ratio profiles are plots of the ratio of the
precursor ion : product ion and product ion : precur-
sor ion. These two ratios have been plotted in the
cases when the favorable 1:1 ratio can be obtained as
it allows one to visualize that only a narrow collision
energy range (12 to 15 eV) corresponds to a ratio
313J Am Soc Mass Spectrom 2006, 17, 307–317 MNM FOR MODIFICATION SCREENINGbetween 0.5 to 1. Only one of the ratios is plotted in
the remainder of the cases, for which this 1:1 ratio is
not reached. As the sulfotyrosine modification is very
labile, even at very low collision energies, the M  H
- SO3 product ion is the dominant species compared
to the precursor ion (Figure 6a). As the total ion
transmission is low at very low acceleration poten-
tials, the OCE is 11 eV for the sulfotyrosine. This
would also be the optimal collision energy for the
neutral loss scan as this is the apex of the product ion
intensity profile, but the product ion is the dominant
species and 1:1 ratio is not obtained. For the phos-
phoserine (Figure 6b) and the doubly-charged N-acetyl-
hexosamine-modified serine (Figure 6c) containing pep-
Figure 6. Neutral loss intensity profiling and
post-translational modifications. (a) Sulfotyrosin
bly-charged), (d) oxidized methionine, (e) N-ac
rosine.tides, the OCE is 45 and 81 eV, respectively, as seenwhen the ratio of M  2H : M  2H minus the
modification approaches 1 in the neutral loss ratio
profile as well as by the intersection point in the neutral
loss intensity profiles. In both examples, the precursor
ion does not tend to fragment at low collision energies.
Increasing the collision energy, the precursor ion begins
to fragment to give the neutral loss. Further increasing
the collision energy produces the 1:1 ratio of the pre-
cursor ion to the product ion (precursor ion minus the
modification). Increasing the collision energy a few eV
results in a maximum in the product ion neutral loss
intensity profile, which would be the optimal collision
energy for the neutral loss scan. Continuing to increase
the collision energy, both the precursor ion and product
tral loss ratio profiling of peptides containing
) phosphoserine, (c) N-acetylhexosamine (dou-
exosamine (triply-charged), and (f) phosphoty-neu
e, (b
etylhion intensity decreases as both ions are fragmented. As
314 HOFFMAN ET AL. J Am Soc Mass Spectrom 2006, 17, 307–317expected from Figure 4, the OCE for the serine-phos-
phorylated peptide is above 30 eV; however, the OCE
for the glycosylated serine is also above 30 eV when it
was expected to be below 30 eV based on Figure 4. The
reason for this is that in the MNM scan all charge states
of the peptide are transmitted through the first quad-
rupole. As the triply-charged peptide fragments to
produce mainly the marker ions, it also produces the
doubly-charged peptide minus the modification, in
addition to the unfragmented triply-charged peptide
and the triply-charged peptide minus the modification.
Therefore, the doubly-charged peptide minus the mod-
ification in Figure 4a is the sum of the fragment ions
generated from doubly- and triply-charged species.
Thus, its intensity is higher than when the doubly-
charged precursor ion is isolated in Q1 as was done in
Figure 6. The oxidized methionine (Figure 6d), triply-
charged N-acetylhexosamine-modified serine (Figure
6e) and phosphotyrosine (Figure 6f) containing pep-
tides do not tend to fragment to give a large abundance
of the peptide minus the modification, and fail to
produce a 1:1 ratio, so the OCE has been reached when
the signal of the peptide minus the modification is at a
maximum at 50, 51, and 60 eV, respectively. It should be
noted that the triply-charged glycosylated serine tends
to produce very little of the neutral loss compared to the
doubly-charged precursor ion. Instead, it fragments to
produce known modification-specific marker ions [16],
which was also the case with the doubly-charged phos-
photyrosine modification [17].
As seen here with peptides, there is an optimal
collision energy for each modified peptide where the
Figure 7. Optimal collision energy reference graph for three
labile post-translational modifications: Sulfotyrosine, phospho-
serine, and N-acetylhexosamine-modified serine.intensity of the modified peptide is equal to the inten-sity of the peptide where the modification has fallen off.
This concept of an optimal collision energy has previ-
ously been shown for glycosides using a neutral loss
scan and thus they recommended the use of a collision
energy gradient [18]. A similar procedure was proposed
for PTM marker ion monitoring with a stepped collision
energy approach [19]. When the neutral loss collision
energy profiles of several modifications are combined
into a single reference graph (Figure 7), it becomes
evident that a collision energy gradient is necessary for
the MNM scan function as each modification has a
unique optimal collision energy dependent on the type
of modification and charge state of the peptide. More
importantly, at the optimal collision energy of the
phosphoserine modification, neither of the other mod-
ifications would be identified since one is completely
fragmented (sulfotyrosine) and the other has not yet
begun to fragment (N-acetylhexosamine).
Schlosser and coworkers have previously shown for
phosphorylated peptides that the optimal collision en-
ergy is also (linearly) dependent on the size of the
peptide [20]. Therefore, only the development of the
MNM scan with a collision energy gradient would
allow for the collection of mass spectra at each optimal
collision energy, producing the most statistically signif-
icant autocorrelation interpretation. Implementing the
collision energy into the MNM scan further improves
the selectivity of the analysis if a false positive occurs
due to a random correlation. In any case, false positives
will not be analyzed if this correlation is seen at some
collision energy that does not correspond to the char-
acteristic collision energy for that neutral loss. Thus,
implementing collision energy as a key parameter in the
development of the MNM scan will lead to a much
more selective analysis given that peptide mass, charge
state, and sequence are also taken into account. There-
fore, operating this scan with a collision energy gradient
would also facilitate the analysis of multiple modifica-
tions on a single peptide. Multiple modifications of the
same type are easily identified at their optimal collision
energy as the autocorrelation analysis would report
multiples of a given modification-specific mass shift
(e.g., 2  49 Th  98 Th for a doubly-charged, doubly-
phosphorylated peptide), and the subsequent convolu-
tion mapping analysis would identify the origin of the
single and multiple mass shifts. In contrast, multiple
modifications of different types can only be identified in
a sequential fashion, as the mass shift of the more labile
modification would be detected at a low collision en-
ergy, and that of the more stable modification at high
collision energy in the autocorrelation. However, se-
quential convolution analysis would still identify one as
the product of the other as the product ion of the first
neutral loss is only transient and not present in the
lowest collision energy spectra.
Since the collision energy is defined as the collision
energy acceleration potential multiplied by the charge
state of the peptide, it is impractical to operate the MNM
scan with an actual collision energy as we are transmitting
) 10 V
315J Am Soc Mass Spectrom 2006, 17, 307–317 MNM FOR MODIFICATION SCREENINGprecursor ions of different charge states through the mass
analyzer. Thus, we will use the optimal collision energy
acceleration potential when referring to the optimal colli-
sion energy, which is 11, 22, 40, 25, 17, and 30 V for the six
different species, in the order used in Figure 6. Further-
more, as seen in the neutral loss ratio profiles for the
modifications that fragment to give the 1:1 ratio, as well as
the neutral loss intensity profile for the sulfotyrosine and
the stable modifications, the scan should be operated with
the collision energy increasing in increments of 5 V.
Increments of greater than 5 V may not identify the
modification as the analysis may occur outside of the
optimal range. The use of a collision energy gradient with
increments smaller than 5 V will lead to too much time
being spent fragmenting the precursor ion outside of the
optimal collision energy range. Therefore, it was con-
cluded that testing of the MNM scan should be performed
at 5 different acceleration potentials 10, 15, 20, 25, and 30
V. The maximum acceleration potential was set to 30 V
Figure 8. MNM analysis of 250 femtomoles o
femtomoles of a BSA digest taken at collision e
Total ion chromatogram with the correspondin
containing peptide at a collision energy accelera
the corresponding autocorrelation analysis at (ebecause as the collision energy increases, the degree ofbackbone fragmentation dramatically increases and this
would complicate the autocorrelation analysis.
Method Evaluation
The MNM analysis of an oxidized methionine-contain-
ing peptide in a BSA digest was carried out to illustrate
the importance of the collision energy gradient (Figure
8). Investigation of the autocorrelation analysis and
MNM mass spectrum at a collision energy acceleration
potential of 10 V indicates that very little of the precur-
sor ion minus the modification has been formed, which
is why the correlation coefficient for the autocorrelation
signal at 32 Th is very low. At a collision energy
acceleration potential of 20 V, the intensity of the [M 
2H - CH3SOH]
2 peak has increased in intensity in the
MNM spectrum leading to an increase in the value of
the correlation coefficient. At a collision energy acceler-
ation potential of 30 V, the intensity of the [M  2H -
oxidized methionine-containing peptide in 250
acceleration potentials of 10, 20, and 30 V. (a)
M mass spectrum of the oxidized methionine
otential of (b) 10 V, (c) 20 V, and (d) 30 V, and
, (f) 20 V, and (g) 30 V.f an
nergy
g MN
tion pCH3SOH]
2 peak has increased again in the MNM
316 HOFFMAN ET AL. J Am Soc Mass Spectrom 2006, 17, 307–317spectrum as has the correlation coefficient; however, the
number of spurious peaks has also increased dramati-
cally. Therefore, the analysis of this peptide is best
performed between 20 and 30 V, which is in agreement
with the optimal collision energy acceleration potential
that was determined to be 25 V in Figure 6.
The selectivity of the MNM scan was tested by
mixing four modified peptides (N-acetylhexosamine,
oxidized methionine, phosphoserine and sulfotyrosine)
creating a 500 femtomoles per microliter mixture in
0.1% formic acid and then loading 500 femtomoles on
column. Indeed, all four peptides were detected in a
single MNM experiment (data not shown). These four
peptides were then spiked into a BSA digest and were
successfully identified from a more complex biological
matrix that mimicked an enzymatic digest of a modified
protein (Figure 9). The mixture was analyzed at five
different collision energy acceleration potentials, and
each of the five corresponding total ion chromatograms
showed the presence of a large number of peptides
(Figure 9a). The total ion chromatogram that corre-
sponded to the OCE for each modification was then
used to extract the MNM spectrum at every time point,
and an autocorrelation of each MNM spectrum was
performed. The autocorrelation coefficient correspond-
ing to the apparent mass shift of the neutral loss was
then collected from each of the autocorrelation analyses,
which allowed for the construction of an extracted ion
chromatogram of autocorrelation coefficients. Figure 9b
is a composite of the four extracted ion chromatogram
autocorrelation coefficients, which is then followed by a
convolution mapping analysis (Figure 9c) that was
collected at the time corresponding to the autocorrela-
tion coefficient maxima. This identified the precursor
ions responsible for the apparent mass shifts identified
in Figure 9b. The peaks at 36.6 and 77.3 min in Figure 9b
were attributed to oxidized methionine as the mass
spectra showed a mass shift of 32 (64 for the loss of
CH3OH divided by a charge state of 2). The peaks at
40.7, 42.4, and 45.2 min were attributed to the N-
acetylhexosamine modification as the mass spectra
showed a mass shift of 101.5 (203 for the loss of the
N-acetylhexosamine moiety divided by a charge state of
2). The peak at 49.5 min was attributed to phospho-
serine due to an apparent mass shift of 49 (98 for the
loss of H3PO4 divided by a charge state of 2) and the
peaks at 54.9 and 77.0 min were attributed to sulfoty-
rosine due to an apparent mass shift of 80 (80 for the
loss of SO3 divided by a charge state of 1). The subse-
quent convolution mapping analysis (Figure 9c) identi-
fied the modified precursor ions that were associated
with the apparent mass shifts. The peak at 36.6 min was
successfully identified as the oxidized methionine pep-
tide as it had a m/z of 550.7 Th. The other peak that was
identified as an oxidized methionine containing peptide
is a false positive that is due to the correlation of the
singly-charged sulfotyrosine modified peptide minus
the sulfo moiety and some other ion. In the analysis of
the glycosylated peptides, the peak at 40.7 min wassuccessfully identified as being serine glycosylated as it
had a m/z of 963.8 Th, while the two other peaks at 42.4
and 45.2 min were identified as false positives. The peak
at 49.5 min was successfully identified as the phospho-
serine containing peptide as it had a m/z of 645.7 Th and
the peak at 77.0 min was identified as the singly-
charged sulfotyrosine containing peptide with a m/z of
1175.0. The peak at 54.9 min was identified as a false
positive. All four of the modified peptides were suc-
cessfully identified by this analysis with very few false
positives identified. In any case, as all of the false
positives were associated with some peptide within the
sample, further analysis of these peptides would still
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Figure 9. MNM analysis of a mixture of serine glycosylated,
oxidized methionine, (1 picomole each), sulfotyrosine, and phos-
phoserine (2 picomoles each) modified peptides in a 250 femto-
mole BSA digest. (a) Total ion chromatogram at a collision energy
acceleration potential of 10 V, (b) overlayed reconstructions of the
extracted ion chromatograms autocorrelation coefficients of the
apparent neutral losses of sulfotyrosine at 10 V, glycosylated
serine at 20 V, phosphoserine at 25 V, oxidized methionine at 25 V,
and (c) convolution mapping analysis identifying the modified
precursor ions.yield valuable information.
317J Am Soc Mass Spectrom 2006, 17, 307–317 MNM FOR MODIFICATION SCREENINGConclusions
The multiple neutral loss monitoring (MNM) scan func-
tion successfully identified a number of different mod-
ifications that may not have been identified in a neutral
loss scan unless each modification was specifically
monitored. The MNM scan has thus been shown to be
a very powerful method for comprehensive post-trans-
lational modification monitoring. Further investigation
of the dependence of the optimal collision energy on the
peptide size, charge state, and sequence are required to
better define their relationships, which could be fash-
ioned into an algorithm to facilitate the MNM scan.
Applications of the MNM scanning method for the
complete analysis of protein and protein complexes
from biological matrices will be the next step.
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